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PA-824 is in phase II clinical testing to treat tuberculosis. At a dose of 100 mg/kg of body weight, it has
demonstrated bactericidal activity during the initial and continuation phases of treatment in a murine model
of tuberculosis. In a prior study, substitution of PA-824 for isoniazid in the first-line regimen of rifampin,
isoniazid, and pyrazinamide resulted in significantly lower CFU counts at 2 months and shorter time to
culture-negative conversion. However, the study design prevented a rigorous assessment of the relapse rate
after completion of therapy. The current experiment was designed to assess (i) the extent of the beneficial effect
of substituting PA-824 for isoniazid in the first-line regimen, (ii) the influence of the PA-824 dose on the same
effect, and (iii) the activity of each one-, two-, and three-drug combination of rifampin, PA-824, and pyrazin-
amide. Mice were infected by the aerosol route and initiated on treatment 14 days later with more than 7 log10
CFU per lung. Treatment with rifampin and pyrazinamide was more effective than treatment with rifampin,
isoniazid, and pyrazinamide at reducing the lung CFU count, consistent with past evidence of isoniazid’s
antagonism in this model. The addition of PA-824 at 12.5 and 25 mg/kg/day did not increase the activity of
rifampin plus pyrazinamide, but the addition of PA-824 at 50 and 100 mg/kg/day did increase the activity in
a dose-dependent manner. The combination of rifampin, PA-824 (100 mg/kg), and pyrazinamide rendered all
mice culture negative after 2 months of treatment and free of relapse after 4 months of treatment, while some
mice receiving rifampin, isoniazid, and pyrazinamide remained culture positive and 15% relapsed after
completing 4 months of treatment. The two-drug combination of PA-824 and pyrazinamide displayed syner-
gistic activity that was equivalent to that of the standard first-line regimen. Together, these results support the
evaluation of regimens based on the combination of rifampin, PA-824, and pyrazinamide in phase II clinical
trials while demonstrating several potential pitfalls in the evaluation of new drug combinations in a murine
model of tuberculosis.

PA-824 (Pa) is a novel nitroimidazo-oxazine in phase II
clinical testing to treat tuberculosis (TB). It has an MIC of
0.125 �g/ml (13), a unique mechanism of action against Myco-
bacterium tuberculosis, and no known cross-resistance with ex-
isting TB drugs (15). At a dose of 100 mg/kg of body weight, it
has demonstrated bactericidal activity during the initial and
continuation phases of treatment in a murine model of TB (8,
16). Together, these properties have engendered optimism
that Pa may have the potential to shorten the duration of
treatment for drug-susceptible and/or multidrug-resistant TB
(MDR-TB). In a recent long-term study of a mouse model, we
found that the addition of Pa to the rifampin, isoniazid, and
pyrazimamide (RIF-INH-PZA) combination had no effect on
lung CFU counts (10). While the substitution of Pa for RIF or
PZA was detrimental, its substitution for INH resulted in sig-
nificantly lower CFU counts at 2 months and shorter time to
culture-negative conversion in the lungs. However, the study
design prevented a rigorous assessment of the relapse rate
after completion of therapy (2, 10). The potential benefit of
substituting Pa for INH is important to characterize because
INH is known to have antagonistic activity on the activity of
RIF-PZA in a murine model such that simply removing INH

from a regimen containing RIF-PZA is beneficial (6, 7, 12).
Furthermore, because Pa has dose-dependent bactericidal ac-
tivity when administered alone, it may be important to define
the exposure threshold necessary for effect when Pa is added to
RIF-PZA, as this threshold may then become a target for early
clinical investigations of the pharmacokinetics and pharmaco-
dynamics of Pa as well as for the future development of related
compounds.

The current experiment was designed to assess (i) the extent
of the beneficial effect of substituting Pa for INH in the RIF-
INH-PZA regimen, (ii) the influence of the Pa dose on the
activity of RIF-Pa-PZA, and (iii) the activity of each one-, two-,
and three-drug component of RIF-Pa-PZA.

MATERIALS AND METHODS

Bacterial strain. Mycobacterium tuberculosis H37Rv was passaged in mice
and frozen in aliquots at �80°C. After thawing, an aliquot was subcultured in
Middlebrook 7H9 broth (Fisher, Pittsburgh, PA) with 10% oleic acid-albu-
min-dextrose-catalase (OADC) (Difco, Detroit, MI) and 0.1% Tween 80
(Sigma, St. Louis, MO).

The MICs for M. tuberculosis H37Rv strain are as follows: RIF, 0.25 �g/ml;
INH, 0.05 �g/ml; and Pa, 0.125 �g/ml on 7H10 medium; and PZA, 10 �g/ml on
Löwenstein-Jensen medium (pH 5.5).

Antimicrobials. Pa was provided by the Global Alliance for TB Drug Devel-
opment (New York, NY). For susceptibility testing and administration to mice,
Pa was suspended in a cyclodextrin micelle formulation (CM-2) as previously
described (16). A 50-mg/ml suspension was prepared monthly, and dilutions in
distilled water were made weekly to give the desired concentrations. Suspensions
used for oral administration were shaken between doses to ensure uniform

* Corresponding author. Mailing address: Center for Tuberculosis
Research, Johns Hopkins University, 1550 Orleans Street, Baltimore,
MD 21231-1002. Phone: (410) 502-0580. Fax: (410) 614-8173. E-mail:
enuermb@jhmi.edu.

� Published ahead of print on 11 August 2008.

3664



dosing. Other drugs were purchased from Sigma or Fisher (PZA), and solutions
were prepared weekly in distilled water and stored at 4°C.

Aerosol infection. Six-week-old female BALB/c mice (Charles River, Wilming-
ton, MA) were infected with approximately 3.5 log10 CFU of M. tuberculosis
H37Rv from a late-log-phase broth culture (optical density at 600 nm of approx-
imately 0.8) using the inhalation exposure system (Glas-Col Inc., Terre Haute,
IN). Five mice were sacrificed the following day (day �13 [D�13]) to determine
the number of CFU implanted in the lungs. All procedures involving animals
were approved by the Institutional Animal Care and Use Committee.

Drug treatment. After infection, mice were randomized into one of the 13
treatment groups depicted in Table 1. Groups 1 through 6 were control groups
that included untreated mice as a negative control and mice treated with 2
months of the combination RIF, INH, and PZA followed with 4 months of RIF
and INH as the standard positive control. In addition, groups 3 and 4 were
treated with the combination of RIF and PZA as controls for the potential
benefit of adding Pa. Groups 5 and 6 were treated with RIF and Pa alone,
respectively, to determine the individual contribution of each drug. Group 7 and
groups 8 and 9 were test groups to evaluate the benefit of adding RIF to Pa and
PZA to Pa, respectively. Finally, groups 10 through 13 were used to determine
the effect of increasing the daily dose of Pa from 12.5 mg/kg (the minimum
effective dose in monotherapy) to 100 mg/kg (the minimum bactericidal dose in
monotherapy) in combination with RIF-PZA (16).

Treatment began 14 days after infection on day 0 (D0). Five untreated mice
were sacrificed on D0 to determine the baseline lung CFU count. All drugs were
administered in 0.2 ml by gavage 5 days per week. The drugs and dosages were
INH (25 mg/kg), RIF (10 mg/kg), and PZA (150 mg/kg) as previously described
(5). Pa was administered at 100 mg/kg unless described otherwise (16). RIF was
administered at least 1 h before other drugs to avoid an adverse pharmacokinetic
interaction (3–5).

Monotherapy regimens with RIF and Pa were given for only the first 2 months,
while combination regimens were given for 5 months, with the exception of
regimen 2, the standard regimen, which was given for 6 months. Five mice per
group were sacrificed monthly, beginning after 2 months of treatment, to deter-
mine lung CFU counts. In groups treated with RIF-INH-PZA, RIF-PZA, RIF-
Pa12.5-PZA (RIF-Pa-PZA regimen with 12.5 mg of Pa/kg), and RIF-Pa100-PZA
regimens, 20 additional mice were held for 3 months after the completion of
treatment for selected durations to determine the proportion with culture-pos-
itive relapse. The number of mice held for relapse was based on calculations
showing that statistical power of �80% is maintained for detecting �45 percent-
age point differences in the proportion of mice relapsing after treatment with the

two RIF-Pa-PZA test regimens compared to the RIF-INH-PZA or RIF-PZA
control regimen.

Assessment of treatment efficacy. Whole lungs were homogenized in 2.5 ml of
phosphate-buffered saline, and quantitative cultures of the homogenate were
performed by plating serial dilutions on selective oleic acid-albumin-dextrose-
catalase-enriched 7H11 agar medium (Becton-Dickinson, Sparks, MD). When
counts below 300 CFU were anticipated or whenever relapse was assessed, the
entire lung homogenate was plated on five plates. Relapse was defined by �1
detectable CFU.

Susceptibility testing to Pa and RIF. To test isolates for susceptibility to Pa
and RIF, colonies were scraped together, suspended in phosphate-buffered sa-
line, homogenized with glass beads, and plated in serial dilutions on 7H11 agar
with or without 2 �g/ml of Pa or RIF. Resistance was defined as growth on
drug-containing plates of �1% of the number of colonies isolated on plain
plates.

Statistical analysis. Lung CFU counts were log transformed before analysis as
log10(x � 1), where x is the absolute CFU count. Differences in group mean CFU
counts were compared by one-way analysis of variance with Bonferroni’s post-
test, using GraphPad Prism v.4.01 (GraphPad, San Diego, CA). Differences in
proportions were compared by Fisher’s exact test, using STATA 8.2 (STATA
Corp., College Station, TX). Adjustments were made for multiple comparisons
when necessary.

RESULTS

Change in CFU counts during the initial 2-month phase of
treatment. One day after aerosol infection, the mean lung
CFU count was log10 3.49 � 0.33. Treatment began 13 days
later, on D0, when the mean lung CFU count was log10 7.11 �
0.25. Among the positive controls, groups 2 to 6, the most
powerful activity was observed in groups 3 and 4 treated with
RIF-PZA (P � 0.01 versus RIF-INH-PZA). In these mice, the
mean lung CFU count was reduced to log10 0.77 � 0.38 (Table
2). The next most active regimen was the standard combination
RIF-INH-PZA, which reduced the mean CFU count to log10

1.95 � 0.28. Treatment with RIF alone and Pa alone reduced
the mean CFU counts to log10 3.94 � 0.43 and log10 4.38 �

TABLE 1. Experimental scheme to evaluate the additive effect of PA-824 combined with rifampin and/or pyrazinamide

Regimena

No. of mice sacrificed at the following time pointb:

Total no.
of mice

Before
treatment On treatment After treatment

D�13 D0 M2 M4 M5 M6 M4(�3) M5(�3) M6(�3)

Control groups
Group 1 (untreated) 5 5 10
Group 2 (2RHZ/4RH) 5 5 5 5 20 20 20 80
Group 3 (2RZ/3R) 5 5 5 20 20 55
Group 4 (5RZ) 5 5 20 20 50
Group 5 (2R) 5 5
Group 6 (2Pa100) 5 5

Test groups
Group 7 (5RPa100) 5 5 5 15
Group 8 (2Pa100Z/3Pa) 5 5 5 15
Group 9 (5Pa100Z) 5 5 10
Group 10 (2RPa12.5Z/3RPa) 5 5 5 20 35
Group 11 (2RPa25Z/3RPa) 5 5 5 15
Group 12 (2RPa50Z/3RPa) 5 5 5 15
Group 13 (2RPa100Z/3RPa) 5 5 5 20 20 55

Total 365

a The number preceding the drug abbreviations indicates the number of months of treatment. Drug abbreviations are as follows: R, rifampin at 10 mg/kg; H, isoniazid
at 25 mg/kg; Z, pyrazinamide at 150 mg/kg; Pa, PA-824 administered at the dose (in mg/kg) shown by the subscript numbers. For example, 2RHZ/4RH stands for 2
months of rifampin at 10 mg/kg, isoniazid at 25 mg/kg, and pyrazinamide at 150 mg/kg, followed by 4 months of rifampin at 10 mg/kg and isoniazid at 25 mg/kg.

b Time points are shown in days (day �13 �D�13� or day 0 �D0�) or months (M) (2 months �M2�). (�3) indicates that the mice were held for 3 months after the
completion of treatment at the indicated time point.
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0.45, respectively. Although much less active than the previous
combinations, each drug had significant bactericidal activity,
resulting in CFU reductions of log10 3.17 and log10 2.73, re-
spectively, during the first 2 months of treatment.

Among mice treated with the test regimens, groups 7 to 13,
the most powerful activity was observed in groups 10 through
13 treated with the three-drug combination of RIF-Pa-PZA.
However, the mean CFU counts in mice in groups 10 and 11
that received Pa at doses of 12.5 and 25 mg/kg, respectively,
were no different from those in mice treated with the RIF-PZA
regimen, suggesting that there was no contribution of Pa to the
activity of the three-drug regimen. For group 12, in which mice
received Pa at 50 mg/kg in combination with RIF-PZA, the
mean CFU count was lower than that in mice receiving only
RIF-PZA. Although this difference was not statistically signif-
icant, the fact that three out of five mice receiving RIF-Pa50-
PZA were culture negative compared to none of the five mice
receiving RIF-PZA further suggests that Pa at 50 mg/kg con-
tributed some activity when added to RIF-PZA. Group 13
received Pa at 100 mg/kg in combination with RIF-PZA and
yielded negative cultures in all five mice, resulting in a mean
CFU count significantly lower (P � 0.01) than that observed
with RIF-PZA and clearly indicating that the addition of Pa at
this dose enhanced the activity of the RIF-PZA combination.

Among mice treated with the two-drug combinations con-
taining Pa, Pa-PZA was more active than RIF-Pa, with the
former regimen producing a mean CFU count of log10 1.87 �
0.26 compared to log10 3.29 � 0.18 in mice treated with the
latter regimen. However, the latter regimen was significantly
more active than RIF alone, indicating that Pa does have
additive activity when combined with RIF.

Change in CFU counts during the 4-month continuation
phase of treatment. Among positive-control mice, only those
treated during the 2-month initial phase with RIF-INH-PZA
or RIF-PZA (i.e., groups 2 through 4) were kept on treatment
during the continuation phase. Group 2 received RIF-INH-
PZA during the initial phase and RIF-INH for the next 4
months. After 4 months of treatment, the CFU count had

fallen to log10 0.70 � 0.70, with one of five mice being culture
negative and the others yielding from 1 to 36 colonies. After 5
and 6 months of treatment, all mice were culture negative.
Mice receiving RIF-PZA during the initial phase received ei-
ther RIF alone (group 3) or RIF-PZA (group 4) for the next 3
months. Mice in groups 3 and 4 were culture negative at
months 4 and 5 with the exception of a single mouse in group
3 that yielded 251 CFU after 4 months. The isolates were fully
susceptible to RIF.

Among mice treated with the test regimens, the best results
were again obtained in groups 10 to 13 treated during the
continuation phase with RIF-Pa. Whatever the dose of Pa, all
mice were culture negative at months 4 and 5, with the excep-
tion of a single mouse receiving the 12.5-mg/kg dose of Pa that
yielded a single colony at month 4.

The two-drug combinations, RIF-Pa (group 7) and Pa-PZA
(groups 8 and 9), were not quite as active as RIF-PZA was, but
they compared rather favorably with RIF-INH-PZA. For ex-
ample, among mice receiving RIF-Pa, one of five mice was
culture negative at month 4 and the others had between 2 and
36 CFU contributing to a mean CFU count of log10 0.79 �
0.60. All five mice were culture negative at month 5. Therefore,
although RIF-Pa was not as active as RIF-INH-PZA over the
first 2 months of treatment, the activity was similar if the first
4 months of treatment are considered.

Mice receiving Pa-PZA during the 2-month initial phase
were treated with either Pa alone (group 8) or Pa-PZA (group
9) for the next 3 months. After 4 months of treatment, three of
the five mice treated with Pa alone during the continuation
phase remained culture positive with 3, 45, and 947 colonies,
respectively. Isolates from the two mice with the highest CFU
counts were resistant to Pa. Similarly, three out of five mice
treated with Pa-PZA during the continuation phase were cul-
ture positive with 1, 1, and 18 colonies, respectively. Again, the
mouse with the highest CFU count harbored a Pa-resistant
isolate. At month 5, three of the five mice treated with Pa alone
during the continuation phase remained culture positive with
3, 800, and 1,200 colonies, respectively. As seen at month 4, the

TABLE 2. Results of lung CFU counts assessed during treatment

Regimena
Mean lung log10 CFU count � SD at the indicated time pointb:

D0 M2 M4 M5 M6

Control groups
Group 1 (untreated) 7.11 � 0.25
Group 2 (2RHZ/4RH) 1.95 � 0.28 0.70 � 0.70 0 0
Group 3 (2RZ/3R) 0.77 � 0.38 0.48 � 1.07 0 ND
Group 4 (5RZ) 0 0 ND
Group 5 (2R) 3.94 � 0.43 ND ND ND
Group 6 (2Pa100) 4.38 � 0.45 ND ND ND

Test groups
Group 7 (5RPa100) 3.29 � 0.18 0.79 � 0.60 0 ND
Group 8 (2Pa100Z/3RPa) 1.87 � 0.26 1.06 � 1.29c 1.32 � 1.56c ND
Group 9 (5Pa100Z) 0.38 � 0.53c 0.31 � 0.70c ND
Group 10 (2RPa12.5Z/3RPa) 0.76 � 0.53 0.06 � 0.13 0 ND
Group 11 (2RPa25Z/3RPa) 0.84 � 0.19 0 0 ND
Group 12 (2RPa50Z/3RPa) 0.31 � 0.43 0 0 ND
Group 13 (2RPa100Z/3RPa) 0 0 0 ND

a Regimens are shown as explained in Table 1, footnote a.
b Mean lung log10 CFU counts at day 0 (D0) or month 2 (M2), 4, 5, and 6 of treatment. ND, not determined.
c Isolates resistant to PA-824.
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isolates from the two mice with the highest CFU counts were
Pa resistant. Only one of the five mice receiving Pa-PZA dur-
ing the continuation phase was culture positive, with 36 colo-
nies that were Pa resistant.

Relapse after completion of treatment. Mice in group 2
treated with the standard short-course regimen were held for
relapse after 4, 5, or 6 months of treatment. As shown in Table
3, the relapse rate was 15% (3 of 20) after 4 months of treat-
ment and 0% thereafter. Mice in group 3 received RIF-PZA
for 2 months followed by RIF alone. After 4 and 5 months of
treatment, the relapse rates were 15% and 11%, respectively.
All isolates were RIF susceptible. Mice in group 4 received
RIF-PZA for the entire 4 or 5 months of treatment. There
were no relapses after such treatment, indicating that PZA
continues to contribute sterilizing activity during the continu-
ation phase when administered with RIF.

Among the test groups, relapse was assessed only in groups
10 and 13. For group 10, the relapse rate after 4 months of
treatment was similar to that observed in group 3, indicating
that Pa had no additive effect at 12.5 mg/kg when added to
RIF-PZA. On the other hand, there were no relapses in mice
receiving the 100-mg/kg dose of Pa in combination with RIF-
PZA, indicating a sterilizing effect of Pa at 100 mg/kg when
added to RIF-PZA. The differences in the proportion of mice
relapsing in group 13 treated with 2 months of RIF-Pa100-PZA
and then 2 months of RIF-Pa100 and control mice treated with
either 2 months of RIF-PZA and then 2 months of RIF or with
2 months of RIF-INH-PZA and then 2 months of RIF-INH
were statistically significant before (P 	 0.0359) but not after
adjustment for multiple comparisons.

DISCUSSION

Together with previous studies (8, 16), the results of the
current study provide further evidence that, at 100 mg/kg, Pa is
a powerful drug during both the initial and continuation phases
of experimental chemotherapy for TB in a murine model. Such
evidence includes the finding that the combination RIF-Pa100-
PZA was more active than the standard regimen RIF-INH-
PZA during the 2-month initial phase of treatment and also
during the continuation phase when PZA has been removed.
The better activity of the Pa-containing regimen was due not

only to the removal of INH, a drug for which the antagonistic
effect on RIF-PZA is well established (5, 6, 10), because the
RIF-Pa100-PZA combination was more bactericidal than the
RIF-PZA combination during the initial phase of treatment
and prevented relapse more effectively when the continuation
phase did not include PZA. These data support the evaluation
of regimens based on the RIF-Pa-PZA combination in phase II
clinical trials, especially if promising results are observed in the
ongoing phase I study of the early bactericidal activity of Pa.

A very interesting finding is the remarkable increase in bac-
tericidal activity observed when PZA is added to Pa. Although
PZA has very limited activity in this model when used alone
(data not shown), the mean lung log10 CFU counts after 2
months of treatment were 4.38 � 0.45 and 1.87 � 0.26 in mice
receiving Pa and Pa-PZA, respectively, indicating the synergis-
tic activity of the Pa-PZA combination. As recently described
(11) and confirmed here, this combination is as active as the
standard regimen of RIF-INH-PZA. However, the remarkable
bactericidal effect of Pa-PZA was accompanied by the selec-
tion of Pa-resistant mutants in the majority of mice after 4 and
5 months of treatment. This indicates that Pa is a potent
bactericidal drug because it rapidly kills susceptible organisms
but also suggests that the synergistic effect of PZA does not
result from an independent bactericidal action of PZA because
if PZA had direct antimicrobial activity, it would have pre-
vented the selection of Pa-resistant mutants. One may specu-
late that PZA, a drug for which no specific target of action has
been identified, modifies the physiology of M. tuberculosis in a
way that renders it much more susceptible to Pa. A similar
enhancement of RIF activity may be responsible for the syn-
ergistic activity of RIF-PZA. The fact that RIF-PZA did not
select RIF-resistant mutants in this experiment may be ex-
plained by the lower frequency of spontaneous mutants resis-
tant to RIF compared to Pa (15, 16). What is certain is that the
antituberculosis activity of PZA and its precise contribution to
TB treatment remain enigmatic (17).

It is important to raise a caveat related to the crucial role of
the positive controls in the assessment of the test regimens.
The activities of the test regimens should be appreciated by
comparison with that of the positive controls and not in abso-
lute value. For example, in the current study, the mean lung
CFU count at baseline was relatively low at log10 7.11 � 0.25,
and the response to the standard regimen was somewhat more
rapid than usual, with a mean lung CFU count of log10 1.95 �
0.28 after 2 months of treatment and a relapse rate of 15%
after only 4 months of treatment. In other recent studies in
which treatment began at similar mean CFU counts, the re-
sponse to the same positive control was more limited, with a
typical CFU count reduction of approximately log10 4.5 after 2
months of treatment and relapse rates of 50 to 90% after 4
months of treatment (11, 13, 14). If these data are not taken
into consideration, there is a risk of overestimating the activity
of the test regimens in the current study. This illustrates the
classical danger of making comparisons based on historical
controls, even within the same model.

We would also like to address the issue of choosing the
proper controls. In the present study, the substitution of Pa at
any dose (i.e., from 12.5 mg/kg to 100 mg/kg) for INH im-
proved the activity of the RIF-INH-PZA regimen. A tempting
conclusion is that Pa at any dose is more active than INH.

TABLE 3. Results of relapse assessments

Regimena

Proportion of mice (no. of
mice/total no. of mice)

relapsing 3 mo after treatment
for the following time:

4 mo 5 mo 6 mo

Control groups
Group 2 (2RHZ/4RH) 3/20 0/20 0/19
Group 3 (2RZ/3R) 3/20 2/19b NDc

Group 4 (5RZ) 0/20 0/20 ND

Test groups
Group 10 (2RPa12.5Z/3RPa12.5) 4/20 ND ND
Group 13 (2RPa100Z/3RPa100) 0/20 0/18 ND

a Regimens are shown as explained in Table 1, footnote a.
b RIF-susceptible isolates.
c ND, not determined.
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However, because past experience has demonstrated antago-
nism of INH on the activity of RIF-PZA in our mouse model
(6, 7, 12), we included the RIF-PZA regimen without INH as
another control. As expected, RIF-PZA was more effective at
reducing lung CFU counts than RIF-INH-PZA, confirming
this antagonism. If one then looks at the effect of adding
increasing doses of Pa to the combination RIF-PZA, it is
readily apparent that Pa did not add activity when used at
doses of 12.5 and 25 mg/kg, which is consistent with the largely
bacteriostatic effect of these doses in monotherapy (16). Only
Pa doses between 50 and 100 mg/kg improved upon the activity
of RIF-PZA. Hence, without the proper RIF-PZA control, we
could not have determined that the additive effect of Pa to
RIF-PZA is dose dependent and defined the exposure ob-
tained with the 50-mg/kg dose as the threshold exposure nec-
essary for additive activity. We have found that a single dose of
54 mg/kg in the mouse produces a maximum concentration of
drug in serum of 15.1 � 1.1 �g/ml and an area under the
concentration-time curve from 0 h to infinity of 127.5 � 17.8
�g � h/ml (data not shown). It remains to be seen whether a
similar exposure will be obtained in humans.

These results have broader implications for the evaluation of
new drugs in combination with first-line drugs in a murine
model of TB by illustrating the significance of the antagonism
of INH on the activity of RIF-PZA. This reproducible antag-
onism is largely responsible for the beneficial effect observed
with substituting fluoroquinolones for INH in the standard
RIF-INH-PZA regimen (6, 12). Whether such antagonism oc-
curs in humans remains an open question. However, as substi-
tution experiments have become a common method for eval-
uating whether a new drug may contribute additive activity to
the existing first-line regimen (1, 9, 10, 12), caution should be
exercised in interpreting the results of substituting a new drug
for INH in the RIF-INH-PZA regimen unless the RIF-PZA
regimen is employed as a control because RIF-X-PZA may
look more active than RIF-INH-PZA even if drug X has no
activity.

Finally, this experiment again demonstrates that the two-
drug combination of Pa-PZA has synergistic bactericidal activ-
ity that is as potent as RIF-INH-PZA (11). If Pa should be
approved for clinical use, this combination could represent an
important component of regimens to treat MDR-TB or even
latent TB infection caused by MDR strains. However, because
PZA cannot prevent the selection of Pa-resistant mutants,
additional bactericidal agents would be required to prevent the
emergence of resistance in patients with active disease.
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